INTRODUCTION 33 34
Symbiotic interactions between metazoans and prokaryotes have shaped the living world 35 (Hurst, 2017; McFall-Ngai, 2015) . Considered for a long time of a too overwhelming 36 complexity to be studied at cellular and molecular levels, the study of symbiosis remained 37 confined to the field of ecology, until developmental and evolutionary biologists took 38 advantage of the available genomes and the "omics" revolution (McFall-Ngai et al., 2013) . 39
Bacterial and animal communities have coevolved to sometimes reach an intimate 40 interdependency. Whether acquired from the environment or vertically transmitted through 41 the female germline, symbionts have established a wide continuum of interactions with their 42 hosts, from parasitism to mutualism. Understanding the mechanisms underlying these stable 43 associations, and the benefits for each partners often appear challenging, but efforts are 44 nonetheless redoubled when economical or biomedical interests are at stake (Slatko et al., 45 2014) . Such is the case of symbioses involving Wolbachia, a genus of Gram-negative 46 alphaproteobacteria present in a plethora of invertebrate hosts. Up to date the ever-growing 47 number of Wolbachia strains has been classified into 14 supergroups by MLST sequencing, 48 reflecting their diversity across taxa (Baldo et al., 2006) . In terrestrial arthropods species, 49 these facultative endosymbionts evolved sex-ratio distortion strategies to favor their vertical 50 transmission through the female progeny (Werren et al., 2008) . The discovery that Wolbachia 51 from D. melanogaster newly introduced into mosquito vectors are able to interfere with the 52 transmission of arboviruses contributed to the popularity of these bacteria Tatuene et al., 2016). Aside from these facultative interactions, the coevolution of Wolbachia 54 with their host and their transovarian mode of transmission have led to developmental 55 symbioses, where the symbionts have become necessary for the making of an egg. This was 56 cross sections obtained from paraffin-embedded worms, we developed a new set of 135 techniques ultimately allowing us to access cell dynamics parameters during germline 136 development. To assess the effect of Wolbachia depletion on the germline proliferation, we 137 first stained ovaries with an anti-phospho histone 3 (PH3) antibody to reveal mitotic nuclei, 138 and we imaged the distal ovary tips containing the PH3-positive nuclei ( Figure 2B ). We found 139 an average loss of 32.5 % of PH3+ nuclei from wild-type to Wolbachia-depleted -Wb(-) -140 ovaries ( Figure 2C ). In order to elucidate the origin of a decrease in mitotic events, and gain 141 insights into the defects caused by the Wolbachia depletion, we characterized the germline Because of the similarities in gonad organization between nematodes belonging to the 147 Secernentea, we established parallels between B. malayi and the experimental organism C. 148 elegans whose germline development has been extensively studied (Hansen and Schedl, 149 2013). In both species the somatic gonad is organized as a tube capped by a distal tip cell -150 DTC-acting as a germline stem cell niche ( Figure S1 ). In C. elegans, the DTC signals to 151 germline nuclei, organized as a syncytium, to proliferate. These nuclei then exit the phase of 152 mitotic proliferation and commit to the meiotic differentiation, initiated with a meiotic S 153 phase. To characterize the B. malayi proliferative zone (PZ), worms were in vitro incubated 154 with the thymidine analog EdU to reveal nuclei in S phase. Gonads were subsequently stained 155 with an anti-PH3, and mounted with a DNA dye to identify the zone of meiotic entry (Figure  156 2D). The distal mitotic PZ corresponds to about one sixth of the entire ovary, and contains an Therefore the number of EdU+ nuclei beyond the meiotic S phase area gives access to the 170 kinetics of germ cells production. We localized the meiotic S phase area based on several 171 criteria -its maximum EdU incorporation concomitant with nuclei displaying a chromatin 172 typical of the pachytene stage, following the last PH3+ nuclei -(n>10, Figure 2F ). The 173 number of postmitotic EdU+ nuclei released from the meiotic S phase allowed us to estimate 174 a yield of at least 700 germ cells produced per day per ovary. To understand whether they 175 mainly arose from dispersed and actively dividing germline stem cells -GSCs-along the PZ, 176 or from a distal pool of GSCs giving rise to daughters in transit amplification, we used the 177
EdU fluorescence level to explore the germline nuclei cycling. To this end, we set up the 178 imaging conditions using as a detection level threshold the fluorescence associated with the 179 most proximal meiotic EdU+ cluster ( Figure 2F , yellow bracket). This cluster reflects a single 180 round of replication, undergone during the meiotic S phase only ( Figure 2F inset #5). We 181 found the distal area of the ovary to contain mostly EdU-negative cells, suggesting the 182 presence of a quiescent pool of GSCs ( Figure 2F inset #1). The fluorescence increase was 183 then gradual along the 1mm-long PZ, from a basic level corresponding to a first round of 184 replication and more (inset #2) to higher levels (insets #3 and #4). The quantification of the 185 fluorescence intensity confirmed that the amount of incorporated EdU in the PZ goes beyond 186 a single replicative cycle ( Figure 2G ). Yet the level of EdU incorporation appeared variable 187 between nuclei close to the PZ exit (inset #3). Altogether these data suggest that i) the distal 188 part is enriched in quiescent GSCs; ii) nuclei commit to differentiation in the proximal PZ 189 after a variable number of transit amplification rounds. 190
191

Wolbachia control the size of the proliferative pool in a cell-autonomous manner 192
We then explored the impact of Wolbachia depletion on the PZ, with the tools introduced 193 above. Consistent with the reduced number of mitotic nuclei in absence of endosymbionts, we 194 observed an average decrease of both the PZ length and its nuclear content by 33% compared 195 to the wild-type ( Figures 3A and 3B ). We next wondered which of the soma or germline 196 populations of Wolbachia is crucial to ensure a proper pool of proliferative nuclei. Since the 197 antibiotic regimen wipes out Wolbachia from the somatic hypodermis of both female and 198 male worms, but only from the female germline because the testis is devoid of 199 endosymbionts, we reasoned as follows: If the proliferation of the male germline happens to 200 be affected upon Wolbachia depletion, the somatic Wolbachia are very likely to participate to somatic Wolbachia is probably insignificant in this regard, while the endosymbionts present 203 in high titer in the female germline are very likely to be responsible for the enhanced 204 proliferation. Comparison of germlines from wild-type versus Wb(-) males supports the latter. 205
Neither the PZ length nor the number of nuclei in the testis PZ were affected (Figures 3C and 206 S2C). To further confirm an overall absence of defects in spermatogenesis upon Wolbachia 207 depletion, we followed the meiotic divisions and the sperm maturation in Wb(-) males and 208 found no difference with the wild-type counterparts ( Figure S2D ). Incidentally, this cellular 209 analysis shows that the tetracycline treatment itself does not directly cause germline defects, 210 and altogether these data strongly suggest that Wolbachia support the female germline 211 proliferation in a cell-autonomous manner. 212
213
Wolbachia determine the transit amplification strength 214
Several mechanisms, not necessarily mutually exclusive, could account for a reduced number 215 of mitotic nuclei in the female PZ, including an increase in distal apoptosis, a slower cell 216 cycle, or less rounds of division associated with a precocious switch to meiotic differentiation. 217
First, we scored the apoptotic nuclei in the PZs as the typically small condensed, PH3-218 negative pyknotic nuclei ( Figures 3D and S3A ). The comparison of apoptotic indexes of wild-219 type versus Wb(-) ovarian PZs showed no significant difference, and the same conclusion was 220 reached for the testes ( Figure 3D ). Since the data were collected from worms sacrificed 8 221 weeks after the beginning of the antibiotic treatment of the rodent host, we envisaged that 222 apoptosis might have occurred earlier and i.e. reduced the pool of GSCs. We therefore 223 examined PZs at day 4 of host treatment, since apoptosis was previously reported in proximal 224 ovaries and uteri at 4 days of in vitro treatment (Landmann et al., 2011) . No significant 225 apoptosis was detected ( Figure S3B ), and we concluded that the number of germline nuclei in 226 the PZ is not reduced by an increase of cell death. 227
Second, a slower cell cycle in the PZ could in theory explain a smaller pool of PH3+ 228 proliferative nuclei, shifting the balance toward differentiation. The mitotic indexes of wild-229 type and Wb(-) PZs appeared however similar, suggesting that proliferative cells are likely to 230 cycle with the same speed ( Figure 3E ). 231
Last, the density of nuclei along the PZ was carefully examined. An estimate per segments of 232 50 µm revealed a constant average increase, similar in wild-type and Wb(-) PZs ( Figure 3F ). 233
However the nuclear density in the last proximal segments of wild-type PZs showed a sharp 234 increase in cell counts, suggesting a zone favorable to transit amplification. This zone is females, we also scored the nuclear density as well as the distribution of mitotic events using independent cycling. To test if this proximal cycling is promoted by Wolbachia, we exposed 272 in parallel Wb(-) females to the same drug regimen. In that case, the germline proliferation 273 was almost completely abrogated compared to the wild-type with a 100µM DBZ treatment 274 ( Figure 4A orange box plots, and Figure 4B ), suggesting a Wolbachia-dependent proliferation 275 control in the proximal PZ. To check if Wolbachia promote proliferation through a 276 modulation of the Notch signaling pathway or independently, we identified -by reciprocal 277
BLASTs with C. elegans-putative orthologs for key players of this pathway, and we 278 measured the transcripts levels in wild-type versus Wb(-) ovaries by quantitative PCR (Figure  279 4C). We failed to detect any changes, supporting the idea that Wolbachia act independently of 280 the Notch signaling pathway to promote proliferation. We then extended the qPCR analyses 281 of ovaries to the orthologs of cell cycle regulators known to support the germline proliferation 282 in C. elegans (i.e. Bma cycline E, cdk2 and cdc25, see Figure S6 and Table S1 ). Again, no 283 significant changes in expression levels of genes were detected. Altogether, this set of data 284
indicates that i) a Notch ligand is likely to be expressed by other somatic cells than the DTC, 
Wolbachia depletion does not induce a critical shortage of nucleotides 291
Since we did not identify any proliferation key players to be affected by the loss of 292 Wolbachia, we looked at the nucleotide levels. Cell proliferation demands an important 293 nucleotide supply, and the available pyrimidine pool of nucleotides was recently shown to be 294 critical to sustain the germline proliferation in C. elegans (Chi et al., 2016) . In addition, a 295 genomic analysis of Wbm Wolbachia indicates that these intracellular bacteria have retained 296 the metabolic capabilities to de novo synthesize nucleotides (Foster et al., 2005) . To test the 297 hypothesis of this metabolic contribution as one of the possible bases of the mutualism with 298 the worm, nucleotides levels were measured in female worms. Because of the large amount of 299 bacteria in somatic and germinal tissues, we hypothesized that the symbionts depletion could 300 de facto induce a corresponding decrease in global nucleotide pools. We therefore added a measured between wild-type and Wolbachia-depleted B. malayi females. Whenever observed suggesting that these concentrations are enough to sustain fertility and survival. Moreover, the 307 variations never exceeded a two-fold range, while pathological states associated with 308 nucleotide metabolism defects present much higher disturbances in the nucleotides levels 309 (Bester et al., 2011; Mathews, 2015) . Altogether, these data suggest that the mutualism 310
between Wolbachia and the filarial host is unlikely to involve a nucleotide supply of bacterial 311 origin. 312 313
Wolbachia control germline stem cells behavior and organization. 314
We wondered if Wolbachia influence would also extend to the GSCs. Although there are no 315 specific markers for this cell type in nematodes, we took advantage of the identification of a 316 quiescent pool of distal cells, de facto GSCs, spanning over the first 150 µm (Figures 1 and 317 S4). To check a possible effect of Wolbachia on the GSC quiescence, and because of the rare 318 occurrence of mitotic events in this zone, we incubated wild-type and Wb(-) females with 319 colchicine, in order block and accumulate mitotic events ( Figure 6A ). We indirectly 320 characterized the quiescence by scoring the PH3-positive nuclei over the most distal 150µm, 321 in three adjacent 50 µm-long segments ( Figures 6A and 6B ). We found in wild-type ovaries a 322 gradient of division events, indicating the presence of more quiescent nuclei towards the distal 323 tip. A laser ablation experiment of the DTC followed by a colchicine incubation ruled out a 324 role of this cell in the quiescence control ( Figure S7A ). The observation of Wb(-) ovaries 325 revealed that the GSCs divide on average 4.77 times more along the first 50 µm in absence of 326
Wolbachia than in control ovaries, twice more in the second segment, and 1.41 more in the 327 last segment. Additional in vivo EdU incorporation experiments revealed similarly an average 328 fold change of GSCs in S phase of respectively 4.03; 2.95 and 1.32 in the same three 329 segments in Wb(-) ovaries compared to wild-type ovaries ( Figures S7B and S7C ). Altogether 330 these data indicate that the germline stem cells quiescence is controlled by Wolbachia in B. 331
malayi. 332
Last, we explored if other GSC behavioral traits could be affected by the loss of the 333 endosymbionts. We took a closer look at the rachis and the distal nuclear distribution. The 334 germline syncytium is organized as a single layer of cortical nuclei forming an actin-rich 335 central canal in wild-type PZs ( Figure 6C ). The absence of Wolbachia affected the rachis 336 structure that appeared very often disorganized, larger, and branched. This was correlated endosymbionts are necessary to achieve a correct germline stem cell developmental program 340 in the filarial host. during development. We established that the DTC does not control the GSC quiescence. It 399 also seems unlikely that a Notch signaling pathway would regulate quiescence since in C. 400 elegans facultative stem cell quiescence induced by food restriction is independent of Notch 401 (Seidel and Kimble, 2015) . 402 enhancing the GSCs division together with an inhibition of apoptosis in the germline (Fast et 408 al., 2011). In that case, their presence in the GSC niche was proposed to enhance GSCs 409 division through a non cell-autonomous mechanism. We describe here a different mechanism 410 of germline division enhancement. The Wolbachia living in mutualism with B. malayi do not 411 target the DTC, and are absent or poorly present in the surrounding distal somatic sheath 412 cells. Rather, they seem to act in a cell-autonomous manner in the female nematode germline. 413
They do not influence the proliferation by a modulation of apoptotis levels in the PZ. Upon 414 their depletion, a third of the cycling nuclei is lost, reflected accordingly in the number of 415 nuclei in the PZ. The mitotic index is therefore not influenced by the presence of the 416 symbionts, suggesting that Wolbachia are unlikely to modify the cell cycle. 417
Two scenarios not necessarily mutually exclusive, and developed hereafter, could explain 418
how Wolbachia support the germline proliferation. First, Wolbachia could participate to the 419 GSC fate maintenance. Second, the symbionts could stabilize the mitotic proliferation stage 420 and delay the commitment into meiosis. 421
In absence of Wolbachia, the GSC quiescence is heavily perturbed, demonstrating a clear role 422
of Wolbachia in its maintenance. Beyond the observed quiescence alteration, Wolbachia 423 depletion could induce more global defects in GSC fate maintenance, that would explain not 424 only the ectopic divisions occurring in the most distal part of the ovary, but also the disturbed 425 spatial organization of these nuclei correlated with a misshapen rachis. A reduction of GSC 426 self-renewal upon division would lead to a reduction of the proliferative pool. 427
We also show that upon a drug-induced Notch signaling inhibition for 24 hours, a fraction of 428 nuclei still proliferates in the proximal PZ. This remaining proliferation is lost when the 429 Wolbachia are removed. Although our candidate approach based on orthologs of key 430 controllers of the C. elegans germline proliferation failed to identify a potential host signaling 431 mechanism by which Wolbachia could enhance this proximal proliferation, it however 432 suggested that the symbionts act in parallel of the Notch signaling pathway. 433
434
The still mysterious interdependency between B. malayi and its symbiotic Wolbachia strain 435
Wbm has been hypothesized to rely on the metabolic capabilities of each partner (Fenn and 436 Blaxter, 2007; Foster et al., 2005) . Wbm have retained complete pathways to synthesize 437 purines and pyrimidines, and could potentially supplement the host pool. We tested their 438 relevance in the ovary, since i) the germline is the only proliferative tissue in the adult female, of Wolbachia is found in developing embryos, limited to few specific blastomeres (Landmann 441 et al., 2010) , their titer is much greater in the ovarian PZ, and therefore more likely to exert an 442 influence on the germline proliferation, shown to depend on the available pool of nucleotides 443 in C. elegans (Chi et al., 2016) . We did not find supporting evidence of such a dependency 
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Experimental Model and Subject Details 588
Ethics statement 589
All experiments involving animals were approved by the ethical review committee of 590 the Ministère de l'Education Nationale, de l'Enseignement Supérieur et de la Recherche 591 (authorization #03622.01). Housing, breeding and animal care were carried out in strict 592 accordance with the EU Directive 2010/63/UE. 593 594 fluorescent microscopy. Wild-type counterparts were obtained from jirds maintained for the 610 same duration without the tetracycline regimen. For in vitro live assays, living worms were 611 placed in culture medium (80% RPMI-1640, 10% decomplemented FBS, 10% MEM, 1% 612 glucose, 25 mM HEPES buffer, pH 7.4), in incubation at 37°C and 5% CO2. Typically, 0.5 or 613 1 mL/worm/day of culture medium were used for adult male and female B. malayi 614 respectively, in 6 or 24-well culture plate (Greiner Bio-One), and the culture medium was 615 changed every 48 hours. At the end of experiments, worms were flash frozen in liquid 616 nitrogen and kept at -80°C until dissection. 617 618
Method Details 619
Tissues collection 620
Frozen worms were thawed at room temperature and fixed in a 3,2% paraformaldehyde 621 (Electron Microscopy Sciences, #15714) PBS solution during either 10 or 15 minutes on a 622 rocker for males and females respectively, then washed 3 times in PBST (1x PBS, Tween-20 623 0,2%). Dissections were performed in PBST under binocular microscope (SMZ1270; Nikon) 624 with dissection tweezers. To collect ovaries, a first incision was performed in the posterior 625 part, close to the distal uteri, by gently tearing apart the body walls, without breaking the 626 gonads and intestine. A second cut at the very end of the tail prevents internal pressure when 627 pulling on the posterior body fragment. Both ovaries were then carefully pulled out of the 628 body cavity. The same procedure was applied to collect the testis except that the first incision 629 was performed at the half of the body and the second at the tip of the head since the distal part 630 of the testis lies at the level of the pharynx. 631 632
Stainings 633
For immunostaining, dissected gonads were collected in 0.5 mL eppendorf tubes with 634 PBST, and permeabilized with the following protocol empirically established: after a 45 635 minute incubation with a 3% hydrogen peroxide solution, gonads were washed three times in 636 PBST, treated for 30 minutes with a (1:1) mix of heptane and NP40 2% in PBS, and then 637 washed 3 times in PBST. All these steps were performed on a rocker at room temperature. 638
Gonads were incubated overnight at 4°C with a primary antibody, washed 3 times in PBST 639 and incubated overnight at 4°C or alternatively for 6h at room temperature with a secondary 640 antibody, washed 3 times in PBST. Mitotic nuclei were revealed with an anti-phospho-histone 641 spermatogenesis (Schaner and Kelly, 2006), an anti-H3K27me3 rabbit polyclonal (Epigentek been tested at 10 and 100 µM. Control worms were mock-treated with medium containing the 679 same concentration of DMSO carrier only. 680 681
Laser ablation 682
Living adult worms were individually immobilized in preheated culture medium at 683 37°C supplemented with 1 mM levamisol (Sigma-Aldrich, #31742) during few seconds and 684 mounted on an agar pad (0.6% in PBS) under a coverslip. Before imaging, the slide was 685 maintained on ice to maintain the anaesthesia. The laser microsurgery was performed using an 686
Ultra II Coherent multiphoton laser at 800 nm full power coupled to a Zeiss LSM780 687 confocal microscope. The sample was imaged in transmission mode using the 561nm laser 688 and the 63X 1.4NA oil immersion objective. The ablation to kill the cell was obtained with 1 689 to 10 iterations in a region of 10*10 µm. The distal tip cell (DTC) was ablated from one ovary 690 per worm and the remaining ovary was kept intact as an internal negative control. When the 691 targeted cell appeared to be destroyed, the worm was returned to in vitro culture maintained 692 during 24 hrs before analysis. During all the subsequent steps, ovaries from the same female 693 were processed together, and the pair information was taken in account in statistical analyses. 694 695
Microscopy and Image analyses 696
Confocal microscope images were captured with an inverted laser scanning confocal 697 microscope (SP5-SMD; Leica Microsystems) using a 63X/1.4 HCX PL APO CS oil objective 698 and a resonant scanner (8000Hz). Gonads were fully imaged with a z-stack interval of 0.5µm 699 and identical imaging conditions. The digital images were processed and analyzed using a 700 custom macro with the ImageJ 1.48v software (http://imagej.nih.gov/ij/) to semi-701 automatically quantify the number and the distribution of cells i) in the proliferative zone, ii) 702 in mitosis and iii) in S-phase. Briefly, the gonad was first digitally linearized with a 703 straightening function and then analyzed per 50µm-wide sections starting from the distal tip 704 cell. For each section, we estimated i) the total number of nuclei, by multiplying the sum of 705 DAPI area from one median z-stack by the number of nuclei rows in the z-axis; ii) the number 706 of mitotic and S-phase cells by summing the PH3 and EdU areas respectively, in the z-707 projection of all planes. To reduce the background noise, a size particle selection filter was 708 manually applied before area summation to remove particles with an area three-time smaller 709 or larger than the mean nucleus area. The accuracy of this procedure was compared to manual were performed under a binocular microscope as described above, in a RNAse-free 715 environment by placing the worms in sterile PBS 1X and cleaning all the materials with Table S1 for details). All primers were commercially synthesized by The PCR cycling program consists of a pre-amplification cycle of 3 minutes at 95°C followed 736 by 40 amplification cycles of 20 seconds at 95°C then, 20 seconds at 60°C and a 737 dissociation/melt cycle of 1 minute at 95°C followed by 30 seconds at 60°C and 30 seconds at 738 95°C. For each primer pairs, quantitative measurements were carried out in triplicate on three 739 independent biological replicates. Among the two reference genes tested (Table S1) , Bma-740
Anc-1 gene was the best one identified with NormFinder tool (Andersen et al., 2004) and was 741 used to normalize gene expression. 
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